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length of t'..me bemg roughly proportionai to 
the activity on each slide. After development, 
the slides were exammed and a number of 
exposed spots on the film were found. By 
using above-stage lighting, it was possible to 
identify a radioactive particle in or near the 
center of most of the spots. . 

The advantage of this method is that it en
ables the study of the active particles in an 
undisturbed state as they fell onto the fall
out plates. There is no danger of disrupting 
their structure or breaking down agglomer
ates as there is in the sedimentation proce
dure. The disadvantage of the method is 

that it is not applicable to particles less than 
0.5 p- due to the limitation of the optical micro
scope and to the relatively low level of activity 
of small pariicles necessitating a very long 
exposure during which the film is blackened 
excessively by the larger, more highly radio
active particles. 

A microscopic study of these slides showed 
that the radioautographs were almost exclu
sively associated with black. spheres. These 
black spheres ranged in size from'about 450 P
in diameter to submicroscopic dimensions. 

The spheres showed three modes of occur
rence: (1) as individual particles, (2) as parti-

TABLE 3.2 REJ~.TIVE RADIOACTIVITIES OF FALL-OUT SIZE FRACTIONS 

10 

"iZE OF WEIGHT OF TOTAL COUNTS· PER CENT 

SHOT ISLAND FRACTION FRACTION PER MIN PER OF TOTAL 

v.) (mg) PLATE X lO-' ACTIVITY 

<2 0.4 O.35b 0.5 
Dog Aniye.anii 2-20 2.3 2.4 4 

>20 142.2 

I 
57.0 95.5 

<2 4.8 1.400 3 
Dog Parry 2-20 6.3 6.0 14 

>20 113.3 36.5 83 

<2 1.1 4.4b 12 
Dog Eniwetok 2-20 4.8 4.2 12 

>20 I,S09.8 27.3 76 

<2 1.0 0.81' 2 
Dog 19urin 2-20 I a.9 6.1 13 

>20 1,952.9 40.2 85 

<2 ·0.6 ! 15.9b 6.5 
Dog Giriinien 2-20 2.0 15.9 6.5 

>20 1,133.9 214.0 87 

<2 0.7 59.1b 8 
Dog Rigili 2-20 3.8 96,9 14 

>20 39.9 549.5 78 

<2 1.6 152" 1 
Easy Boga.llua. 2-20 17.6 1,510 7 

>20 160.4 19,300 92 

<2 2.7 11.8b 1 
Easy Kirinis.n 2-20 2.5 76.2 6 

>20·· 44.2 1,380 1i3 

<2 0.9 6.8d 0.5 
Easy Piiraai 2-20 S.6 41.5 3.5 

I >20 49.5 1.1S6 96 

• The total counts per minu.te have been corrected for decay back to shot time plus 10 
hr by means of the decay curves for Dog and Easy Shots obtained from Project 6.1. 

b Geometry of counter is 3 per cent as determined by use of a RaDE standard. 
• Geometry of counter is 2 per cent (RaDE standard). 
d Geometry of counter is 8 per cent (RaDE standard). 
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c1es adhering to coral grains, and (3) m loose
ly associated clusters of spheres and granUles 
of a transparent material. 

Approximately one-third of the radioactive 
particles found on the slides were mdividual 
spheres. These spheres were almost perfectly 
round and superficially homogeneous. '!'hey 
ranged from abcut 1 to 20 ;;. in ~iQ"""'eter. They 
were found .in all samples from both Dog and 
Easy Shots. Figures 3.2 and 3.3 show the size 
distribution of a number of spheres measured 
in samples collected on Rigili and Bogallua 
Islands. 'M'a:ny of the Easy Shot sampies 
showed that a high percentage of the activity 
was due to mdividual spheres or subspherical 
particles 200 to 450 p. in diameter. These 
spheres exhibited a granular texture under 
the mic.:oscope. Their surfaces were irregUlar 
and had a black, glossy, beaded appearance. 
Very small grains of what appeared to be cal
cium carbonate were adhering to the surfaces. 
(The grains had very high birefringence, char
acteristic of calcium carbonate, under the 
petrographic microscope.) Some of the 
spheres had cracks and cavities, the appear
ance of which suggested that the granular 
structure persisted throughout the interior of 
the sphere. A number of these large spheres 
were removed from a fall-out plate with 
tweezers, and their diameters and radioactiv
ity measured. There was no relationship be
tween the sizes of the particles and their activ
ities. One sphere was found that counted 
approximately 3X lOG disintegrations/sec (cor
rected toE+10 hr). 

Most of the black spheres, especially m the 
Dog Shot samples, were found adhering to 
coral grams. The sizes of the black spheres 
so found varied from about 10 p. m diameter to 
submicroscopic. The number of adhering 
spheres per grain varied from 2 or 3 to perhaps 
50. The sizes of the coral grains themselves 
varied from about 10 to 500 f!- m diameter. A 
large number of these radioactive grains from 
the Rigili and Bogallua samples were meas
ured, and their sizecI:stribution is shown In 
Figs. 3.4 and 3.5. Where these grams were 
thin enough to be viewed with transmit"..ed 
light m the petrographic microscope they ex-

hibited the characteristic very high birefrm
gence of calcium caroonate. There were a 
large number of salt crystals visible m the 
slides, none of which were observed to carry 
radioactive particles. In one instance, a vege
table fiber was found which had a large num
ber of radioactive spheres on the order of 1 or 
2 I' in di~1TIet.e!' adhe~T1g W it. Only a very 
small fraction of the total number of particles 
found on the slides carried radioactive 
particles. 

In quite a few cases the active spheres were 
found m ve..wey lOCS9, i..~....g'..1lar 2.ggreg2tes or 
clusters mtimately nnxed with an amber
colored, isotropiC, glassy material. Parts of 
the aggregate were separated from each other. 
Apparently the particles fell as loosely bound 
fioccules whiCh shattered when they hit the 
fall-out plate. 

All the data on the measurements of radio
active particles by the radioautographic 
technique have been compiled in Appenilix 
A, Table A.l. 

3.2.3 Chemical Analysis of Fall-out 
Samples 

Six samples of the Easy Shot fall-out from 
Bogallua were analyzed for the radioactive 
element::; present. The six samples were: 

(1) An llIlfra.ctionated sample re
moved directly from the fall-out plate 
with xylene and concentrated by centrif
ugation. 

(2) The xylene supernate from this 
centrifugation. 

(3) A sample of the large radioactive 
spheres picked with tweezers from a fall
out plate. 

(4) The small fraction from a sample 
which had been size-fractionated by the 
sedimentation method. 

(5) The medium-size fraction. 
(6) The large-size fraction. 

The results of the analyses are sh(lw:1 b 
Table 3.3. 

Several of the large spheres, 200 to 450 p. 

m diameter, were snalyzed spectrographically 
to determine the elements which make up the 
bulk of the particles (see Table 3.4). 

SECRET 
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In addition, an attempt was made to iden
tify the composition of the large spheres by 
X-ray diffraction. A powder photograph 
showed a series of lines whreh. indicated the 

,composition of the particles to be about one
third calcium carbonate (calcite), one-third 
calcium oxide, and one-third unidentified 
compounds. 

3.2.4 Radioautographs of Fall-out Plates 
Radioautographs of many of the fall-out 

plates were made shortly after their arrival 
at USNRDL. A typical one is reproduced in 
Fig. 3.6. This radioautograph was made from 

a fall-out plate from Parry Island (Dog Shot) 
with Eastman Type K X-ray film enclosed in 
two lighttight envelopes. The packaged film 
was pressed against the fall-out plate with 
sponge rubber, plywood, and a lead brick, and 
was exposed for 5 hr on D+ 7 days. 

By means of another series of exposures, the 
radioactivities 8.'.sociated with f;wo of the 
spots were determined with a densitometer 
designed for small areas. The activities of 
spots A and B (Fig. 8.6) were found to be 14 
and 24 rep/hr, respectively (at the surface of 
the fall-out plate), on D+9 days. 

12 
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TABLE 3.3 RADIOCHEMICAL ANALYSES OF EASY SHOT FALL-OUT 

UNFR..I.CTIONA~ED XYLENE WASH LAltGE SPHERES 

SAMPLE 200-450 j£ IN DIAM 

ELEMENT 
Found Thea- Found Theo- Found Thea-

(%) retic&l (%) reticaJ. (%) reticaJ. 
(%). (%) (%) 

Total rare es.rths-La, Pr, 
Nd, C~ ... Y 63 60 79 58 60 62.5 

Ba ...................... 5.6 11.8 6.3 8.9 ir 6 21.5 
Sr ....................... 0.7 10 
Zr ...................... 16.3 9 3.2 11.6 16.6 8 
Ru ...................... 5.5 4. 3.8 4.7 9.0 4 

TOTAlo ............... 91 95 92 83 92 96 
Time of Analysis .••••.••.. E+39 days E+53d&~ E+33 days 

Small Fraction, Medium Fraction, Latge Fraction, 
Less th8.ll2" 2 to 20" Greater than 201' 

Total rare earths .......... 82 59 88 60 73 60 
Ba. ...................... 5 12 

} 11.2 22 3.6 12.6 
Sr ....................... 0.1 8.7 
Zr ...................... 12 9 14.1 7.3 
Ru ...................... 5.0 5.8 

TOTAL ............... 99 80 99 82 96 94 
Time of Ansl)'llis ••.•..•.•. E+39 days E+35 d&ys E+27 days 

• The calcula.ted theoretica.l percentages are determined from considera.tions of the 
fissioD-~ield report, USNRDL Report ADC-65, H. F. Hunter Solld N. E. Ballou, 
Simu/tc.neoU8 SlO1.D Neutron Fission of £!l3' Atoms, a.nd the recent Greenhouse data. on 
fission yields. 

TAlIloE 3.4 SPECTROCHEMICAL 
ANALYSIS OF LARGE FALL

OGT PARTICLES 

ELEMENT 

Ai 
Ca. 
Cu 
Fe 
Mg 
Mn 
Si 
So 
Ti 
Zn 

STRENGTH 

OF LINES 

w 
VS 
W 
M 
T 
T 
S 
T-W 
S 
T-W 

T=o.OOl-O.01 % 
W=O.Ol-O.l% 
M=0.1-1% 
S=I-10% 

VS=>lO% 
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Chapter 4 

Discussion 

4.1 RELIABILITY OF EXPERIMENTAL 
PROCEDURE 

The results of the sedimentation procedure 
indicate a moderate amount of radioactivity 
on particles in the small- and medium-size 
fractions from the Dog Shot samples. These 
results differ consistently from the results of 
the Easy Sho~ fall-out analysis which indicate 
that practically all of the radioactivity is asso
Ciai;ed.with the large fraction. 

As it might be ~ected from a considera
tion of the settling velocities of pa...-ticles in air 
that the fall-out should consist of large parti
cles only, the apparent high percentage of 
active small particles in the Dog Shot fall-out 
is surprising. The question arises whether 
the small particles actually fell to the ground 
individually or whether they fell attached to 
larger grains and were dislodged during the 
sedimentation procedure. 

The removal of the particles from the fall
out plates and the separation of the large frac
tions from the small and medium fractions 
were done with the particles suspended in 
xylene. Xylene, being a hydrocarbon whose 
molecule contains no polar groups, does not 
tend to disperse particles suspended in it. It 
does not seem likely that a significant disper
sion of the particles occurred in these stages. 

During the process of separation of the 
medium from the small fractions, the samples 
were suspended in water and subjected t.o 
ultrasoneration. At tllls point It is probable 
that an appreciable dispersion of the particles 
occurred which would result in an increase in 
the number of radioactive small particles at 
the expense of the medium-~ particlf'.s. 

From these considerations considerable 
doubt is cast upon the accuracy of the frac
tionation in the smaller size ranges. That 
particles in the medium-size range actually 
fall out individually is, however, borne out by 
the results of the microscopic examination of 
the radioautograplls in which single particles 
down to 1 p. in diameter were found. 

Very few radioactive particles smaller than 
2 p. were found by tllls method. This indicates 
that most of the radioactivity of the small 
fraction was due to the small radioactive 
spheres removed from the large coral grains 
d!!ring the sedimentation procedure. 

4.2 ORIGIN OF THE FALL-OUT 
PARTICLES 

It seems probable that the black, radioactive 
spheres originated by condensation of material 
from the ball of fire within a short time after 
the shot. The only evidence available as to 
the chemical composition of the parti.cles 
comes from the spectrographiC analysis of the 
large (200 to 450 p.) spheres from ~ B~ua 
fan-out after Easy Shot. The maJor constItu
ents are calcium, silicon, iron, and titanium. 
The calcium must have originated from the 
vaporization of large amounts of coral (a1most 
exclusively calcium carbonate) near the base 
of the shot-tower. The iron and silicon prob
ably came from the vaporization of the steel 
tower and its concrete foundation. A source 
of large amounts .of titanium is unknown. 
The results of the X-ray diffraction study of 
these spheres show that the calCium is in the 
form of the carbonate and the oxide. It seems 
likely that the calcium originally condensed 
as the oxide and by reaction with carbon di-

SECRET 
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oxide in tbe air bas been partially converted 
to tbe carbonate. No evidence of calcium 
hydroxide was found. The carbonate shows 
tbe crystal structure of calcite in contrast to 
tbe unaltered coral sand which has the 
aragonite structure. 

Examination of the radiochemical analysis 
of the fall-out shows that fractionation of the 
active elements bas occurred during the for
mation of the particles. The relative amounts 
of strontium and barium are consistently less, 
in comparison with tbe other radioactive ele
ments reported, than would be expected from 
the normal fission-yield distribution. An ex
amination of the fission-product chains 1 

shows that the strontium isotope most likely 
to be found in the radiochemical analysis has 
~ with a 2.6-min half life for an ancestor. 
Most of the Kr89 formed in fission would not 
have decayed at tbe time of formation of the 
spherical particles. Similarly, barium bas as 
an ancestor Xe1-iO with a IS-sec half life. From 
the half lives of their gaseous ancestors, it 
would be expected that tbere would be. con
siderably less strontium in the fall-out par
ticles tban barium. This is actually tbe case. 
The amount of strontium reported varies froni 
about 1 to 7 per cent of what would be expected 
from the normal yield, while the amount of 
barium present is about 50 per cent. 

As previously descn"bed, most of the fall-out 
particles collected consist of inert coral grains 
with several small, radioactive spneres adher
ing. It does not seem likely that ·~be spberes 
became attached to the sand grains after the 
spberes reached the surface of the ground. In 
that case it would be expected that the spberes 
would be more or less evenly distributed over 
all tbe surface grains, and that there would 
be a higb percentage of free spberes in the fall
out collectors. Sucb is not tbe case. The 
number of active grains remtive to the number 
of inactive grains is very small, as is tbe num
ber of free spberes remtive to the number of 
active grains. It seems probable that the 

'Plutonium Project, "Nuclei Formed in Fissiou," 
J. Am. Chem. Soc., LXVIII (1946),2411. 

spberes became attached to the grains in the 
air after the spheres had formed and the ball 
of fire had cooled to a relatively low tempera
ture.. The coral grains show no indication 
of baving been fused, and in one case the 
spheres are found adhering to a vegetable fiber. 
Probably a considerable amount of surface 
debris was carried aloft by the strong updrafts 
following tha ascent of the ball of fire. Many 
of the small spheres formed in the radioactive 
cloud must bave adhered to this debris which 
subsequently reached the ground as fall-out. 

4.3 MECHANISM OF FALL-OUT 

stokes' mw is of value in expmining the 
mechanism of, or predicting, fall-out. How
ever, one of the basic assumptions of the law 
is streamline, nonturbulent settliug, which 
condition certainly does not prevail in the 
vicinity of an atomic blast. Quite a number 
of individual radioactive particles 5 fL in diam
eter were found in the radioautograpbs of tbe 
fall-out. According to Stokes' law it should 
take a spherical 5-1' particle about 4 weeks to 
fall from 20,000 ft to sea level (assuming a 
particle density of 3.0). It is obvious that the 
downward velocity of the particles must be 
affected by some mechanism other than mere 
gravitational settling. 
. It is known that durmg the development 
of cumulus clouds, where strong updrafts rise 
rapidly to beights of many thousands of feet, 
there are associated weaker down currents of 
air somewhat after the manner of convection 
currents. These downdrafts occur around the 
central rising current and extend out to a 
distance of several times the diameter of tbe 
rising current. It seems possible that tbere 
could be some-such development of down cur
rents in the vicinity of tbe rising atomic cloud 
which could give to a swarm of particles a 
downward velocity much greater than their 
normal settling velocities. In sucb a case, the 
particles would be carried downward with a 
velocity independent of their size, and the re
sulting fall-out would show much less size 
segregation than if it were due to Stokes'-mw
settling alone. 

16 
SECREJ 

SECURITY INFORMATION 



... ~ - '-- -.--- -----.-_ ... ---~.-..,-,-'"""'~-----.- .. -. -. 
=m.uOOS PA.G! WAS BI.&Rc, TBmEFORE: NeT FIrMED r 
--------~-~~.~ _ .......... 'C 1 

SECRET 
SECURITY INFORMATION 

Appendix A 

Size Distribution of Radioactive 
Fall-out Particles 

Table A.l is a compilation of measurements 
of all the radioactive particles found with the 
radioautographic technique described in Sec
tion 3.2.2. The figures in the table are the 

numbers of particles whose diameters fall 
within a given size range. 

Figures 3.2, 3.3, 3.4, and 3.5 were drawn 
using data from this table. 

TABLE <\.1 SIZE DISTRIBUTION OF RADIOACTIVE FALL-OUT PARTICLES 

DIAMETER 

(I') 

0.0 - 1.0 
LO - 1.25 
1.25- 1.6 
1.6 - 2.0 
2.0 - 2.5 
2.5 - 3.2 
3.2 - 1.0 
4.0 - 5.0 
5.0 - 6.3 
6.3 - 8.0 
8.11 - 10.0 

10.0 - 12.5 
12.5 - 16.0 
16.0 - 20.0 
20 - 25 
25 - 32 
32 - 40 

"40 - 50 
50 - 63 
6:3 -so 
80 - 100 

100 - 200 
200 - 500 
500 -1000 

TOTAL 

EASY SHOT DOG SI!O~ 

Boga.llu& Aniy&&nii P&ITY Eniwetok Igurin Rigili 

1 
2 
:3 

12 
11 
18 
40 
40 
59 
53 
28 
18 
19 
6 
1 
1 
3 

1 5 
1 1 1 8 
2 1 1 10 

2 1 1 3 21 
4 5 2 1 3 2 22 1 

11 1 2 4 3 2 4 21 3 
2$ 7 2 2 1 3 23 5 
36 9 5 1 1 2 1 1 11 14 
43 1 3 3 4 1 2 1 2 8 9 
52 1 6 4 1 2 4 2 10 
60 5 1 1 1 1 23 
60 10 1 1 2 1 15 
65 7 1 2 19 
59 3 3 2 21 

37 5 21 1 16 

_~ !1 i ~ _ 1:~ 
15 5 3 3 ~ 
29 19 4 9 7 1 13 
12 5 4 2 6 4 4 

__ 8 . _ " .. " .. .. .. ". ." " .. ." 
3i'6 597 2892 J:724--5-~ 12 36 1:71'7"140 182 
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MATERIAL- 1/32 II SOFT ALUMINUM PLATE 

FIG. 2.1 Fall-out Plate Holder 
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Fro. 3.4 Size Ilistrilmtioll of Radioactive Coral Grains Found in Samples from RIgili Island (Dog Shot) 
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FIG. 3.5 Size Distribution of Radioactive Coral Grains Found in Samples from Bogallua Island (Easy Shot) 

30 
SECRET 

SECURITY INFORMATION 



.' 
• 
t 
•• 

SECRET 
SECURITY INFORMATION 

. . fill 
... ~ 

'. 
~. • 

etr· .'~ .. · . : ' . , ~ 

,: ,.,,' . 
. ,. ... -. . ~:. . 
• • • .. 

FIG. 3,6 Radioautograph of a FaIl-out Plate from Parry lSland (Dog Shot) 
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